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In 1993, the International Air Quality Advisory Board (IAQAB) ofthe International Joint
Commission (Commission) suggested to the Gulf of Maine Council that they begin to examine the
issue of atmospheric transport and deposition of contaminants to the GulfofMaine and its
watershed. The IAQAB has long been involved in research pertaining to the sources and
pathways of air pollution to the Great Lakes basin and in the assessment of the impacts of air
deposition on the Great Lake's ecosystem. The mass balance approach has been utilized to
estimate the signiﬁcance ofthe atmospheric pathway as a source of contaminants to these water
bodies.
To promote an awareness of the atmospheric pathway as a source of contaminants, the
International, Joint Commission and the United States Environmental Protection Agency, Oﬁice of
Research and Development, jointly ﬁmded a research paper and technical workshop to examine
atmospheric deposition to the Gulf ofMaine ecosystem using a mass balance approach. The
research paper was prepared by Dr. H. G. McAdie and the workshop, to review and discuss his
ﬁndings, was held in June 1994 at the Huntsman Marine Science Centre in St. Andrews, New
Brunswick. Discussions were led by Dr. Jim Young and Dr. Gary Foley, Co-chairs of the
Commission's International Air Quality Advisory Board, and logistical and technical support were
provided by Mr. Robert Hughes ofthe Air Quality Section, New Brunswick Department of the
Environment.
This document provides a summary of the workshop discussions and recommendations as
well as the research paper prepared by Dr. McAdie. The results of the work to date indicate
extensive data gaps in available data, particularly with respect to organic contaminants, thus
making it impossible to undertake mass balance analyses for these contaminants. Estimates of
atmospheric inputs of cadmium and lead have been attempted but, due to variations in the
available data, the results cover a considerable range.
A ﬁirther attempt at data reﬁnement, evaluation and extension, as well as an assessment of
the importance of tidal and marine ﬂuxes on the mass balance, will be pursued in 1995 to ﬁirther
advance the state of knowledge of the impact of atmospheric deposition on the loading of
contaminants to the Gulf ofMaine. This work will be undertaken through a partnership of the
International Joint Commission, the Gulf ofMaine Council, the US. Environmental Protection
Agency - Ofﬁce of Research and Development, Environment Canada, and the US. National
Oceanic and Atmospheric Administration.
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 ATMOSPHERIC DEPOSITION TO THE GULF OF MAINE
SUMMARY OF WORKSHOP DISCUSSIONS
HELD AT THE HUNTSMAN MARINE SCIENCE CENTRE
ST. ANDREWS, NEW BRUNSWICK
JUNE 21-22, 1994
This meeting was attended by scientists and policy makers from the USA and Canada, with a common
interest in the GulfofMaine region. The meeting was the result of a challenge issued to the Gulf of
Maine Council by the International Air Quality Advisory Board of the Canada-United States
International Joint Commission, to put the loading of chemicals by atmospheric transport and
deposition in the GulfofMaine watershed into perspective. To promote discussion, a technical paper
was presented at the meeting by Dr. Harry McAdie, ofHG. McAdie Associates, containing data and
methodology for a mass balance approach, as well as the ﬁrst attempt at a mass balance for lead and
cadmium. '
A summary ofthe presentations made and the discussions at the workshop sessions are reported here.
This is followed by recommendations for future actions which came out of the workgroup sessions.
DAY 1
The meeting opened with a welcome by Dr. John Allen ofthe Huntsman Marine Science Centre. Dr.
Allen made note that the Huntsman Centre has been designated as a site in the Ecological Science
Centre network, and as such the Huntsman may be especially appropriate to help supply the technical
detail required to construct a detailed picture of the ﬂuxes of toxic substances in the Gulf. He also
noted that work had begun on the development ofan atmospheric monitoring station at the Huntsman
Slte.
Bill Ayer then presented some information on the Gulf ofMaine Council and its work, including a
short video. He noted that the 10-year Action Plan for the Gulf of Maine was going to be revisited
in August 1994 at the Gulf ofMaine Conference, to be held in Wolfville, Nova Scotia. This may
provide an opportunity for recommendations from the present meeting to be incorporated in the
Action Plan.
Dr. Jim Young then spoke regarding the context of the meeting, and set the scene for later
discussions by presenting his estimates that approximately half of the toxic substances entering the
Gulf ofMaine watershed get there via atmospheric transport.
A presentation and explanation ofthe mass balance model and results was then made by Dr. Harry
McAdie explained the geographic domain adopted for the study, and the list of 13 pollutants
examined. This list was developed by the International Joint Commission (IJC) in the context of its
work under the Canada-United States Great Lakes Water Quality Agreement. Pollutants on this list
 
 are considered of special concern in the Great Lakes due to their toxicity, and ability to
bioaccumulate, and are termed "critical pollutants" by the IJC.
The process equations which were employed in constructing a mass balance were explained in
sequence, with discussion ofthe source regions for pollutants entering the Gulf of Maine watershed,
and the links to similar work carried out in the Great Lakes watersheds. The lack of critical data for
some ofthe pollutant pathways was noted, for example, ofthe numerous rivers entering the Gulf of
Maine (roughly 50), chemical data were only available for 15. Although these represented more than
halfthe total river discharge, considerable uncertainties remain, since in the time scale of the present
exercise, it was not possible to evaluate the quality ofthe data employed. For marine sediments and
waters, the lack of good data on the toxic substances was acute. The input via fog was especially
problematic, due to the lack of research data on fog deposition to bodies of water.
Harry explained that there was insufﬁcient data available for almost all the 13 compounds on the I]C
list to enable a mass balance to be constructed. The data gaps are most severe for the organics. Data
on toxic metals are more complete. However, even for the most well-documented metal on the I]C
list (lead), a complete mass balance was not possible due to lack of data for some of the components
ofthe model. Instead, the best that could be done was to outline a partial mass balance for lead and
cadmium. The results of this partial mass balance were presented, which detailed the inputs ofthese
metals to the GulfofMaine from rivers, direct industrial discharges, marine water transport, rainfall,
fog, dry deposition and sediments. The conclusion at this point, and still with very major
reservations concerning data quality, was that the atmospheric input constituted between 10 and 25%
of the total input, for lead and cadmium, with lead having the higher percentage of air input.
Following this presentation, two invited critiques ofthe mass balance paper were presented. The ﬁrst
was by Dr. Stephen Beauchamp of the Atmospheric Environment Service, Bedford, Nova Scotia.
In Steve's opinion the mass balance approach is a useful one, and the report was felt to be a good
framework. He stressed that although there are undoubtedly many data gaps, the report has many
strengths. He had given the report to two other colleagues at AES, who had provided comments.
A number of possible errors were pointed out, as was the lack of spatial consistency of the data used
in calculations. The wet deposition numbers were questioned, as the calculations when repeated gave
a different result. The lack of critical data quality appraisal was also picked up, for example, no
review or comparison of analytical methods used. Some more detail on calculating. the input via fog
was proposed, using an aerodynamic estimation method. The revised ﬁgures using this method
indicated that the input of cadmium from the air was perhaps only about 4%, and 23% for lead,
though still with a large uncertainty.
Steve then outlined in more detail some of the limitations of the existing mass balance, including the
lack ofinformation on pollutant distributions spatially and over time, e.g. seasonal averages; the need
for more thorough knowledge ofQA methodologies; gaps in the weather network, especially over
the sea; uncertainties in the transfer processes by which pollutants are moved between environmental
compartments, leading to an over-simpliﬁed model, and the need to improve the design of monitoring
networks if a more complete picture is to be obtained.
 
 The second critique was given by Nick Houtman, Director of the Water Resources Program at the
University of Maine. Nick mentioned that he was not an expert on toxic substances, but had
circulated the report to Drs Steve Kahl and John Hassler of the University of Maine (both chemists)
for additional review. In Nick‘s opinion, and that ofthe secondary reviewers, the mass balance report
was a useﬁil document. The main caveat expressed, which has been raised in various fora recently,
was that concerning the reliability of data. This concern related mainly to water quality analyses older
than ﬁve years, but could also apply to other kinds of environmental measurements, e. g. sediment
or air analyses. Ultraclean analytical methods recently in use during studies in the Great Lakes and
elsewhere have led some researchers to suggest that the older data may be in error (usually too high)
by a factor of 10-30. It must be re—emphasized that when the current mass balance report was
assembled and calculations made, no data quality assessment or screening was performed to remove
older data.
A plenary discussion followed the presentation of critiques, chaired by Jim Knight, manager of the
Air Quality Section, New Brunswick Department ofthe Environment.
This began with some discussion regarding the boundaries adopted for the mass balance analysis.
Some members (e.g. Larry Mayer) thought that the atmospheric contribution may be inﬂated by
deﬁning a boundary which is far out to sea. Countering this, Ted Bailey pointed out that if deposition
is calculated as an input ﬂux per unit area, then boundary placement is more or less immaterial. It
was agreed that the boundary is arbitrary wherever it is set on the marine side. It was therefore the
consensus of the group that the deﬁnition adopted in the present paper was acceptable. It was felt
that the placement could be inﬂuenced according to which environmental issue is seen as the most
important, for example, is it ﬁsh, or estuarine areas?
Ellen Doen'ng asked whether any other models were considered in this approach, and whether or not
the mass balance approach is valid, particulary in view of the "open" marine boundary on the
southeast side. Bill Strachan explained that the mass balance analysis merely supplies a snapshot of
the situation at one time, or an account of what is coming in and going out, it is not a dynamic tool
as such. Harry McAdie said that the task presented was to prepare a mass balance, as had been done
in the Great Lakes work, and that other models were not examined.
Fred Page provided some insight on the oceanographic uncertainties. In his opinion, mass water
transport can now be estimated or inferred by models to within a factor of 2. Studies of transport in
the northeast channel are going on. Around the edges of the continental shelf there may be errors of
about 15% due to dynamic eﬁ‘ects. The models now in use apply a 3 km spatial grid and a 10 m
vertical layer spacing. Those working in this ﬁeld include Dan Lynch, Dartmouth College, New
Hampshire, and Dave Greenberg, John Loder and Peter Smith at B10 in Dartmouth. The mass
transport of water on the marine side therefore could be estimated with reasonable conﬁdence.
Barry Mower informed the group, in respect of the water chemistry data used in the mass balance
from the USGS database STORET, that the USGS has suspended sampling for mercury and some
other trace metals due to contamination problems found in the standard methodologies. This caveat
  
reinforced the question raised in Nick Houtman's critique regarding the reliability of trace metal data.
Another very important point concerning the application ofthe direct discharge ﬁgures from the Gulf
of Maine Point Source inventory is that for all the trace metals employed in the mass balance, the
discharge data in the inventory were estimated, and not actually monitored.
John Dalziel said that for the trace element data his group supplied for major rivers discharging into
the Bay of Fundy, very careful QA and sampling methods were used, and he is conﬁdent of the
results. However, another signiﬁcant factor to be aware of is that his data refer to ﬁltered samples,
and therefore do not provide a number for the total contaminant loading. In the 1994 season, he
plans to measure both ﬁltered and total levels. John noted that he did not attempt mercury analysis
due to the diﬁiculties in getting reliable data. The levels expected are about 1 ng/L or less for
mercury.
Bill Strachan emphasized the large variation in physical properties of the organic and metal
contaminants examined and that the processes affecting their fate and movement in and between-
environmental compartments vary greatly as well.
Roger Cox commented that he felt the oceanographic error to be large, perhaps to an unacceptable
degree. He suggested the possibility of using various bioindicators to provide data on contaminants
in the GulfofMaine. Peter Eaton described the mussel watch program, which is an example ofjust
such an approach being used in the Gulf of Maine. Gary Foley said the mussel watch program has
been going on for more than 10 years. Bill Ayer cited the Gulfwatch 11 program, which also uses
mussels, which has been going for three years. An overall gradient of increasing coastal water quality
was revealed (decreasing metal and organic concentrations), from Boston northeastwards to New
Brunswick.
Bill Strachan said that although bioaccumulation can be large, the observed values do not relate to
ambient levels ina way which is usable in a mass balance. This is due to the large variation in ﬁeld-
determined biological concentration factors for many organics. Wilfred Pilgrim noted that
biomonitoring is a good method to locate and identify a pollutant problem.
Larry Mayer made two points, that whatever use a mass balance may be, it may not very helpful fOr
making socio-economic decisions, and that bioavailability varies according to the pollution source.
There was brief discussion regarding some of the sources of pollutant input to the Gulf. Bill Ayer
wondered ifthere was any input from the St Lawrence estuary. Wilfred Pilgrim asked if ocean vents
could be the source of some ofthe mercury in the region. This seemed to be unlikely, as most of the
vents are near the mid-ocean ridges. However, some species which migrate long distances could












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































already includes scientists and air quality managers from the US and Canada. There are also links
with NESCAUM (Northeast States for Coordinated Air Use Management). The need to link the
Oxidants Working Group to the Gulf of Maine Council's monitoring committee was expressed, to
provide input on atmospheric issues to the latter committee.
Gary Foley said that the reason for this work was to stimulate discussion in the region. Now the issue
has to be taken up in the region.
Alice Chamberlin asked if the existing mass balance document should be expanded or made more
complete. Bill Strachan said yes, ideally it should. The issue of data quality was then discussed, and
also whether signiﬁcant sources ofinformation on organics (or metals) remained undiscovered. Rob
Hughes said that although there may be some information which was not located in the course of the
recent data searches, the vast majority probably had been found. A great deal of what was located
was not usable in creating a mass balance, however. Ted Bailey said that Harry McAdie will wrap
up the existing report more or less as it is, incorporating the suggestions of the reviewers. For the


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Bill mentioned that Jim Latimer has a rain sampler for organics in Narragansett Bay. (NOTE: in a
letter following the meeting, Bill provided some more detailed cost estimates for characterising both
organics and metals in a one-year study; depending on the number of seasons and samples, the range
is from $136K to $700K).
Rob Hughes raised the question regarding the difficulty of obtaining an accurate mass balance,
bearing in mind the paucity of contaminant data for seawater (and in particular the lack of data at
different levels in the ocean), considering the very large volumes of water entering and leaving the
domain. These volumes dwarf the river input (by a factor of at least 100). Even small errors in
contaminant levels would translate into large variations in the estimate of toxic ﬂuxes. The costs of
sampling at sea are large and therefore obtaining this marine information may be especially difﬁcult.
There are also no data on sediment resuspension, and little or no data on contaminant levels in
suspended river sediments. There was some discussion on whether scallop draggers may cause
signiﬁcant sediment disturbance.
(NOTE: scientists at the Bedford Institute of Oceanography, in follow up to the meeting, suggested
that some contaminants may have a strong correlation with temperature and salinity, which is
routinely measured during oceanographic surveys. This may be one means whereby good (or
improved) estimates of contaminant proﬁles could be obtained).
Steve Beauchamp suggested that perhaps instead ofgradually "ramping up" toxics studies in the Gulf
ofMaine, it might be better to try for an intensive study, possibly in 1996. This was considered for
some time by the group. The idea of a "1996 blast" was received favourably, and seemed to have a
lot going for it. The details of the intensive could not be resolved at this stage, but group members





































































































































































































































































































































































































































































































































































































































































list. (NOTE: shortly after this meeting, New Brunswick issued a mercury advisory essentially



































































































































































































with these protocols and must be viewed with some scepticism.
RECOMMENDATIONS
Recommendations were then presented from each working group.
Metals working group
1. The IJC should expand its mandate to include the Gulf ofMaine.
2. Mass balance studies should be continued and completed.
A Gulf ofMaine data information system should be made available.
Atmospheric deposition studies in the Gulf of Maine should be coordinated with
RARGOM (Regional Association for Research in the Gulf of Maine), CIRAC (Canadian
Institute for Research in Atmospheric Chemistry), the Gulf of Maine Council, SETAC
(Society of Toxicologists and Chemists), and any other relevant groups, via the St. Andrews
Ecological Science Centre where possible.
A regional conference on toxic sub-stances in the Gulf ofMaine should be held,
possibly in Saint Andrews, centring on the mass balance results.
An overview paper on the mass balance approach should be presented at the Gulf of
Maine Science Workshop, planned for late 1995.
The New Brunswick Department of the Environment should take the lead in
ﬁirthering mass balance studies.
The output from the present meeting should be published as an IJC document, with
the mass balance paper as an Appendix.
 
 Organics working group
1. The mass balance should be revisited by 1996—97 to update and improve it.
2. The tidal and other marine ﬂuxes should receive special attention.
3. An intensive study should be considered, possibly in 1996.
4. An action plan is needed to make this possible, which would also cover the long term
planning.
5. New and continued sampling/monitoring is needed to enable an improved mass
balance to be constructed.
6. Funding for the above is a problem and needs to be addressed. Existing activities
which offer opportunities for cooperative studies allow should be identiﬁed and taken
advantage of as much as possible.
7. The support of the Gulf ofMaine Council is necessary for this work, and should be
sought. '
8. A paper outlining why a mass balance is useﬁil and what the issues are with respect
to hazardous air pollutants in the Gulf ofMaine should be prepared and submitted to the Gulf
ofMaine Council.
9. A problem deﬁnition paper should specify as far as possible the data gaps identiﬁed,
and discuss bioavailability and accumulation.
10. A representative to cover atmospheric issues should be appointed to the Gulf of Maine
monitoring committee.
Following the presentation of the recommendations there was a short plenary session.
Ted Bailey suggested that local commitment and support are required to undertake the recommended
actions. It would seem essential to obtain the support of the Gulf ofMaine Council at an early stage.
A backgrOUnd document with the technical material as appendices could be used for this. Although
the focus of the present meeting is on air issues, those working on water need to be involved in
preparing the action plan. This was seen as a fairly big task. Harry McAdie said that the report
should go to the Gulf ofMaine Council for their own action plan review.
11
Ted said that the existing mass balance, although somewhat sketchy, is sufﬁcient to point the way to
further studies. The existing mass balancereport should be wrapped up. Data on toxics in biota can
be used in a status or problem deﬁnition report.
Larry Mayer remarked that the Gulf ofMaine Council meeting is liable to focus attention on water
pollution hot spots, and that getting their attention on air issues may be diﬁicult. Maybe it should be
put to the Gulf of Maine Council to hold a special meeting on air issues.
Alice Chamberlin noted that so far, the IJC has not been involved with marine issues. She emphasized
the need for high standards of data quality to enhance future studies on the issue of accumulations
oftoxics in the Gulf ofMaine.
Larry Mayer announced that RARGOM will be holding a meeting in Saint Andrews in the fall of
1994, which may be an opportunity to briefRARGOM on the mass balance work.
Following this plenary, Alice Chamberlin made some concluding remarks on behalf of the IJC. She
emphasized the need to adopt an ecosystem approach, thanked all those who were involved in
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 ATMOSPHERIC DEPOSITION TO THE GULF OF MAINE
A Framework For A Mass Balance
1. OBIECTIVE
The first objective of this study is to develop a framework within which
a mass balance analysis might be undertaken to determine the relative
importance of atmospheric deposition as an input of particular toxic chemicals
to the waters of the Gulf of Maine. This framework is to be generic and not
specifically keyed to one definable chemical.
The objective of the second phase of the study is to assess the feasibility
of undertaking a trial mass balance for one of the IJC contaminants of concern
within the defined boundary of the Gulf of Maine and, if sufficient
information is available, to undertake this trial mass balance.
2. BACKGROUND AND APPROACH
The first phase of the study [Sections 3 — 5] describes some of the
features of the Gulf of Maine, proposes a boundary for the Gulf, and identifies
input and output fluxes which it will be necessary to estimate in order to
produce a mass balance. The ability to calculate each of these fluxes depends
upon the availability of relevant data. Choosing the candidate contaminant for
which to attempt the trial mass balance should also take into consideration the
priority of the local relevance of that contaminant. [Section 6]. The mass
balance approach has three key requirements:
0 The receptor area of the ecosystem can be defined.
0 We know, or can model, all the sources of, and sinks for, a particular
chemical within the ecosystem.
0 We know, or can model, the transfer and transformations of the
chemical between the major environmental compartments of the
ecosystem: air, land, water, resuspended particulates and bottom
sediments. '
This approach has been applied with success to toxic chemicals in the
Great Lakes (Strachan and Bisenreich, 1988), from which it has been possible
to estimate the importance of the role of atmospheric deposition as a pathway.
The challenge of attempting to construct a mass balance for the Gulf of
Maine is akin to the ancient Israelites attempting to make bricks without


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4 Sediments In The Gulf
One potential sink for contaminants in water is capture by sediments.



















solubilization of previously trapped contaminants.
The surface sediment of the Georges Bank area is mostly moderately to
well—sorted sand with a cover of more poorly sorted silt in some of the basins of
the Gulf of Maine. The sediment that caps Georges Bank and Nantucket Shoals
is medium—to-coarse sand. On both the northern and southern flanks of the
Bank, sediments become finer with distance from the Bank crest. North of the
Bank the finest-grained material is found in the deeper basins of the Gulf of
Maine. In these areas the surface sediment is mostly silt and clay.
The primary mineral constituents of the sediments of the Georges Bank
are quartz and feldspar. The fine—grained sediments in the Gulf of Maine
contain the largest amounts of feldspar.
Waves having a period of 10 sec., common during storms, can affect the
bottom in 80 m of water and waves of this size are an important cause of
sediment resuspension to at least this depth.
Tidal current speeds l m above the bottom are about 0.55 times the
surface current. Thus, over the crest of Georges Bank and on Nantucket Shoals
(in water depths shallower than about 60 m) the near bottom tidal currents are
strdng enough to move the surficial sediments during at least part of the tidal
cycle (Twichell, et al., 1987).
The tidal energy moves water and sediments within the Gulf of Maine
very vigorously. Sediment accumulation patterns are not quantitatively
known. The accumulation of fine particles carrying anthropogenic indicators
depends on tidal energy, storms, currents, season, water depth, etc.
Resuspension is highly variable and unpredictable (Cranston, 1994)
Biological production plus the physical and biological resuspension of
bottom sediments are the primary source of suspended particles in the Georges
Bank area, the concentration of which vary seasonally. They are highest
during the winter, reaching concentrations of 500—1000 ugJ‘l in both surface
and near bottom layers (3—5 m above bottom). During the summer.
concentrations are <500 ug. 1‘1. In the winter suspended matter is primarily
inorganic matter resuspended from the sea floor. In the summer, particles of
organic origin are the primary constituent (Twichell. et al., 1987).
4. DEFINITION OF STUDY BOUNDARY FOR THE GULF OF MAINE
































































































































































































































































































































































































5. MASS BALANCE MODEL

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 offshore (Mountain, 1991). Shelf water originates from two major inflows to
the Gulf of Maine: (i) cold. low salinity water from the Scotian shelf which
enters around Cape Sable and (ii) warm saline water which enters at depth
through the Northeast Channel.
Because of the complex circulation patterns within the Gulf, which are
superimposed upon tidal movement. it will be particularly difficult to find
contaminant concentration data which are. in any way, representative of
concentrations in the water transport.
I“ti = Cnc ' an * Css ' 055
where Fti = water transport inflow flux molesy’1
Cm; = mean contaminant concentration molesm‘3
in Northeast Channel inflow water
One = volume of inflow via Northeast Channel m3.y'I
C55 = mean contaminant concentration molesm‘3
in Scotia Shelf inflow water
053 -—- volume of inflow via Scotia Shelf m3.y‘l \
5.2.4 Wet 12952051?sz
5.2.4.1 Ram/all
Rainfall brings contaminants from the atmosphere directly to the water



























































the water surface of the Gulf. Rainfall on to the watershed surface is presumed
to be accounted forin the river input flux in the longer term.
Annual precipitation (combined water contents of rainfall and
snowfall) over the nearshore regions of the land mass may be higher than











C1- = contaminant concentration in rain moles.m—3
P = average rainfall to the Gulf surface m.y‘1
SA= area of the Gulf surface m2
5.2.4.2 Snowfall




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The following is a possible approach to calculating the input flux
arising from the scavenging of contaminants by coastal fog and their
eventual deposition into the Gulf of Maine. Several assumptions are required:
0 All contaminants trapped by fog lying over the Gulf of Maine will
eventually be deposited somewhere within the defined boundary of the
Gulf.
- Discrete areas of fog occur in different regions of the Gulf rather than
one single fog covering the entire Gulf. A preliminary estimate is that
fog occurs over an average of 50% of the area of the Gulf.
- Areas of fog will have an average depth of about 100 m. (Leaitch. 1994)
0 Contaminant concentration data are available which have been
corrected for the liquid water content of the fog actually sampled.
The total volume of fog occurring in one year may then be estimated
from
Vf=0.5-Af-hfon
where Vf = annual volume of fog m3-y‘l
Af = hourly area of fog mz-h r‘1
hf = height of fog m
n = annual frequency of fog occurrence hr.y‘l
The input flux due to fog may then be calculated from
Ff=Vfon
Ff = input flux due to fog moles.y‘l
Vf = annual volume of fog m3.y
Cf = contaminant concentration in fog molesm’3
5.2.5 £52110
The dry deposition of contaminants sorbed on atmospheric particulate
matter. among other factors. depends on the particle size of the particulate
matter. The North Atlantic background aerosol shows a skewed particle size
distribution with a maximum at particle diameters of 0.3 um (Slinn, 1983). This
sea salt aerosol may sorb additional amounts of atmospheric contaminants
beyond those which might otherwise be sorbed on atmospheric particulate
matter.
The atmospheric residence times of particulate trace elements are
controlled by three processes: coagulation, precipitation scavenging and dry
deposition. Particles = 0.01 um radius have residence times of about 1 day due
to coagulation with other particles and the behaviour of the aggregate
controls the residence time. Very large particles (> 10 um) also have residence


































































































































































the Gulf of Maine.
Fd=Ca- (l-fv)0 VdOSAcfdry
where Fd = dry deposition flux moles.y
C3 = contaminant concentration in molesm‘3
air (vapour + particulate)
fv = fraction of atmospheric contaminant
present as vapour
Vd = particulate deposition velocity my“l
SA = area of the Gulf surface in2
[dry = fraction of the year without rain or snow











































































































causing increased trace element levels in dry deposition.

































































































































































































































































































    
    
      
  
  















     
   





    
  
Where Fsr = flux of contaminants released by sediments molesy‘1
Css= contaminant concentration in settled molesm‘3
sediments
Cs = contaminant concentration in molesm‘3
surficial sediments
Wsr = average depth of sediment resuspended m.y‘l
f5 = fraction of Gulf with significant sediment
accumulation
SA= surface area of Gulf m2
5.2.7 Vagour Exchange at [126* Air- Water Interface
At the air—water interface organic contaminant vapours may move in
either direction depending upon the relative fugacities of the contaminant in
the air and in the water at the interface, and the net mass transfer coefficient
which acts as a kinetic term. Elemental trace metals, with the exception of
elemental mercury, are not involved in Such exchanges. Estimation of organic
contaminant vapour exchange will be affected by conditions of Wind (in the
air medium) and wave action (in the water medium).
Fv= K 0 (Cw-[CaOfVORT/H] 0 SA
where FV = net flux of organic vapour between air and water molesy'1
K = net mass transfer coefficient m.y’l
Cw= concentration of organic contaminant moles.m'3
dissolved in water
Ca= concentration of organic contaminant moles.m'3
in air (vapour + particulate)
fv = fraction of organic contaminant present as vapour
R = the gas constant [82.1 x 10‘6 atm.m3.mole'l.K'1]
T = surface temperature K
H = Henry's Law constant atm.m3.mole'1
SA = area of the Gulf surface m2
FV may be positive or negative depending upon the concentration gradient
across the air — water interface. Mass transfer coefficients have been reported
for the organic contaminants of concern (Strachan and Bisenreich, 1988).
5.3 Outputs
5.3.1 Water fransgort (Jul/70W
Shelf waters mix as they circulate around the Gulf, are modified by local
processes and are carried from the Gulf of Maine by the circulation on to and
around Georges Bank, particularly through the Great South Channel, beyond
the edge of Georges Bank where it will come under the influence of the Nova
  
Scotia current which tends to flow west—southwest parallel to the Nova Scotia
coast at 0.4 knots (0.02 m.sec'1).
Fto = Cto ° Qto
where Fto = water transport outflow flux molesy’l
Cto= mean contaminant concentration in molesm'3
outflow water
Qto= volume of outflow water m3".y‘l
5.3.2 Accumulation [7g Sec/122161)!
Contaminants may be sorbed by suspended sediments and trapped by
these sediments as they settle to the bottom of the Gulf and accumulate. In the
Bay of Fundy. cadmium was found to be predominantly associated with organic
detritus for coarse and fine fractions, while lead was partitioned more evenly
between organic detritus and clay (Showell and Gaskin, 1992)
Fss = Css ' Wacc ' fs ' SA
where Fss = flux of contaminants accumulated by sediment molesy'l
C55 = contaminant concentration in settled sediment moles.m‘3
Wacc = average sediment accumulation rate m.y‘1
f5 = fraction of Gulf area with significant sediment
deposits
SA = surface area of Gulf in2
5.3.3 ﬂlbdegradation
The biodegradation of organic contaminants is a factor which may
affect their accumulation. Since it was not a factor considered in the Great
Lakes mass balances (Strachan and Eisenreich, 1988), and was considered not
to produce a major error for persistent chemicals. it is merely noted here as a
flux which may eventually warrant further investigation.
5.4 Atmospheric De position
The extent to which atmospheric deposition contributes contaminants to
the water surface of the Gulf of Maine may be estimated from
wet deposition + dry deposition + net vapour exchange
total input flux
A full accounting of atmospheric deposition must include the sum of that
which falls on the water surface plus that which falls on the surrounding
watershed and, eventually, will contribute to contaminant concentrations
found in the tributaries and direct discharges. If the Gulf of Maine is to be
treated as an ecosystem. the extent to which contaminants deposited from the
atmosphere on the watershed are sequestered within the land mass and do not
ultimately reach the aquatic regions will eventually need to be defined.
Within the framework presently proposed. contaminant deposition on
the land mass is accounted for only in the "tributary" or “direct discharge"
flux inputs
6. AVAILABILITY AND RELIABILITY OF DATA
A catalogue of available data has been prepared as a series of tables
dealing with characteristics of the Gulf of Maine. tributary (river) flows
entering the Gulf, concentrations of the individual contaminants of concern
within the various ecosystem compartments, and contaminant—specific
properties. Data have been obtained from personal contacts, as well as various
searches of the published and unpublished literature. While every attempt has
been made to be as thorough as possible, time and budget did not permit
exhaustive probing of all possible sources.
6.1 Reliability;
Where possible, assessed data have been cited. However, it was not
within the scope of this study to conduct a critical review of the data available
for each parameter. Data cited may not be mutually consistent with respect to
methodology used (both sampling and analytical), or with respect to the rigour
of QA/QC applied. Many of the numbers quoted are based on estimates made by
the authors of the cited references. In most cases data have been located from
a single site only. so that spatial variability could not be assessed. In a few
cases, more than one measurement has been cited. However the extent to
which anyof the data are "representative" of the entire Gulf of Maine must be
questioned, especially since measurements are primarily land—based rather
than being made over water.
Similarly, with very few exceptions, there were insufficient data to
assess any seasonal differences.
6.2 Characteristics of the Gulf of Maine
These are summarized in Table 1.
6.3 Tributaries {rivers}
The average annual total input water flow from rivers within the
defined Gulf of Maine watershed is 8.814 x 1010 m3.y’1 (Table 2). or this
volume, only 9% has been estimated (Bartlett, et al., 1993; Environment Canada.
























Data on contaminant levels within the various ecosystem compartments
are given for the IJC contaminants of concern in the following Tables
Table 3 arsenic Table 10 PCB's
Table 4 cadmium Table 11 p.p'—DDT
Table 5 lead Table 12 dieldrin
Table 6 mercury Table 13 a-HCH
Table 7 benzo-a—pyrene Table 14 lindane (a—HCB)
Table 8 HCB Table 15 toxaphene
Table 9 mirex
Average trace metal levels in the Bay of Fundy are, in general.
extremely low and comparable to those in the open ocean. There is thought to
be little meaningful spatial variability (Smith. et al., 1981).
6.5
Volatilization Parameters
Table 16 reproduces data already assessed in two reports to the IJC on
atmospheric deposition to the Great Lakes (Strachan and Eisenreich. 1988 and
1992).
6.6
Selection of Candidate Contaminants
The ability to calculate any of the input and output fluxes depends upon
the availability of locally relevant data. From the extent of data availability
indicated by Tables 1 - 16. it became apparent that the two contaminants of
concern for which the most data have been identified are cadmium and lead.
Even in these two cases, all of the data available pertain to the input portion of
the mass balance. The one input compartment for which no data were found
was re-solubilization of contaminants from accumulations in surficial
sediments.
Output data associated with water transport out of the Gulf and with
burial in sediments were not located in the time available.
Therefore, two decisions were taken:
6.6
Only an estimation of the contribution of atmospheric
deposition to the total input of a contaminant into the
Gulf of Maine can be made from available data































































case, which was not within the scope of establishing this framework and
attempting an example of its utilization.
7. THE ATMOSPHERIC INPUT OF CADMIUM AND OF LEAD
7.1 Introduction
In this section, the numerical detail will be given only for the
calculation of the cadmium input. using concentration data from Table 4 and
the relationships defined in Section 5. An identical calculation was made for
lead using data from Table 5. The results from both calculations are
summarized in Table 17.
For ease of applying the reported data, concentrations in kg.m'3 were







7.2.1 - Tabular/295 (fillers)
The total input flow from major tributaries (rivers)(Table 2) is 8.814 x
1010 m3.y-1. River chemistry data (Dalziel, 1994;-Robinson, 1994) are available
for rivers whose total flows account for 70% of this total. Results for these
portions of the total flow have been extrapolated to 100% of total flow,
recognizing that different characteristics of the catchment areas associated '
with each river may not justify this extrapolation.
2 individual river inputs = 23,700 kgy‘1
Extrapolated input of cadmium from total river flow = 33,900 l<g.y‘1
It should be noted that cadmium concentration data for rivers in the United
States appear to be 10 — 100 times those for rivers in Canada. In the case of lead
the US. data show concentrations 10 times those in Canada. The respective
sampling and analytical methodologies should be examined for consistency.
7.2.2 Dre-ct [go/m sourced ﬂzkclzarges
Data for point source discharges (Pait. 1994) are almost all estimated
rather than monitored. U.S. industries account for 87% of the process flow into
the Gulf of Maine. Most of the US. flow is from wastewater treatment plants
whose flows are characterized by higher levels of As, Cd and Pb.
Industrial discharges, which are relatively higher in Pb, are more





























































































































representative of the period 1990-1993 (Pait. 1994)
Metal Industrial Power Plants Wastewater Total (kgy'll
Cd 3388 660 54582 58.630
Pb 50600 836 154464 205,900
7.2.3 Water 7712115301?






















































marine waters with the exception of localized contamination (e.g. harbours).




































































































































































































































 A similar range has been calculated for lead using concentration data
given in Table 5 which again span approximately two orders of magnitude. It
should benoted that the highest leadin rainfall data cited were obtained at a
time when leaded gasoline was still in widespread use.
7.2.4.2 Fog
There appears to be no publications dealing with the deposition
of fog on water surfaces (Banic, 1994). so that the approach outlined in Section
5.2.4.3, and the assumptions within it, is an initial attempt at estimating the
input flux due to fog.
Annual volume of fog = 0.5 hr‘10 1.8 x 1011m20102 m x 1910 hr.y'1
= 1.72 x 1016 m3y-1
Fog input flux = 1.72 x 1016111337“1 0 1 x 10‘12 l<g.m'3
17,200 kgy-l
7.2.5 ﬂrz Degas/tle
The total atmospheric concentration of both cadmium and lead occurs in
the particulate phase rather than the vapour phase (Strachan and Eisenreich,
1988)




In the Bay of Fundy. metals derived from natural and anthropogenic
sources, such as Pb and Hg. are held in sediments by fine—grained organic
material and hydrous iron oxides. Only 1-27% of the total element
concentrations are available to the biota (Loring, 1982).
Many areas of the Gulf are covered with sediments which were
deposited in glacial times with little or no deposition since (Fader. 1994). Such
areas may represent approximately 30% of the floor of the Gulf (Fader, 1977).
The depositional sinks are relatively well constrained and a uniform grid
would not be applicable.
No reports of the release of metals previously captured by sediments
have been identified except in the case of mercury. Analytical data on
sediments which have been identified all deal with harbour locations which
































0n the basis of available information it is not felt that release from
sediments will materially affect the total contaminant input fluxes for
cadmium and for lead to the Gulf of Maine.
7.2.7 Vapour Ere/Iange at Me Ajr— Water Inter/lace
Unlike mercury. which exists in the atmosphere as gaseous elemental
mercury (95 — 99%) (Anon, 1993). cadmium and lead do not exist inthe vapour
state, so that there should be little opportunity for dissolved cadmium or lead to
migrate across the air—water interface.
7.3 Outputs
7.3.1 Water fransport Out/70W
Water transport outflow occurs primarily through the Great South
Channel and by circulation on to and around the Georges Bank. Insufficient
data for contaminant levels in these water bodies was located to enable
calculation of this output term.
7.3.2 Accumulation by Sediment
Fink, et al. (1980) and Woodward, et al. (1981) have reported the
bioaccumulation of Cd and Pb in suspended sediments. In estuarine bottom
sediments it is the fraction < 6211 which appears to control metal accumulation.
with Pb being one of the main metals sequestered. Dispersal away from point
sources is limited and transfer of metals to the open ocean is considered to be
negligible.
The bulk density of sediments depends upon particle size (Shen, 1971).
For dry, non-sub merged sediments, typical bulk densities are:
Silt and clay 1321 - 1963 kg.m-3
Dry fine sediments 1204—2007
Mixed sediments 1365 -1605
Cranston (1994) estimates bulk densities of sediments in the Gulf of Maine
region to be of the order of 700 kg.m’3.
The general conclusion is that clay-sized sediment is accumulating in
only approximately 20% of the Gulf of Maine area (in nearshore inlets and in
basins)(Cranston, 1994). Again. insufficient data for contaminant levels were
located.
7.4 Results
The contribution of atmospheric deposition to the total input of
cadmium and of lead into the Gulf of Maine depends heavily upon the reported
values for the contents of these materials in wet and dry deposition. In Table
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 Characteristics of the Gulf of Maine
Volume of inflow water
via Northeast Channel
Volume of inflow water
via Scotia Shelf
Volume of outflow water
Average rainfall to Gulf surface
Average snowfall to Gulf surface
Area of Gulf surface
Fraction of Gulf with significant
sediment accumulation




Dry deposition velocity (0.2 cm.sec‘1)
Bulk density of sediments
Fraction of hours without
precipitation







































































RIVER FLOWS INTO THE GULF OF MAINE
(108 m3. y'l)






























































































































































































































































































































































































































































































































































































































































































































































































CONCENTRATIONS OF M IREX
Parameter
Tributaries








































0.65 x 10—6 g/g





Bidle man, et al.
1992




































































































 CONCENTRATIONS OF DIBLDRIN
TABLE 12





































































(Molecular Weight = 290.83)
Parameter
Tributaries






























CONCENTRATIONS OF LINDANE (B-HCH)
(Molecular Weight = 290.83)
Parameter
Tributaries





















Bidle man, et al.
1992
Leister, 199 3















































































































































































































































































































































1 of Total Input
For Cadmium
"Low" input calculation uses
"High" input calculation uses
For Lead
"Low" input calculation uses
"High" input calculation uses
45
TABLE 17
0F INPUTS TO THE GULF OF MAINE
Cadmiu m1 Lead






















































Wong, 1994, for rainfall
Mehra, 1982 for rainfall
Wong. 1994, for rainfall
Hopper and Barrie, 1988. for dryfall
Mehra. 1982, for rainfall
Beloin, 1994, for dryfall
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